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Abstract 
Heterocarpus species (Decapoda: Pandalidae) are shrimps commonly 
consumed by human in various regions around the world, especially in Taiwan. A 
total of 28 Heterocarpus species have been described and they are found in 
tropical, sub-tropical and temperate areas. 
Nine species of Heterocarpus have been grouped into four species complexes 
mainly based on the number of dorsal spines on its abdominal somites. The 
groupings of the nine Heterocarpus species in the four species complexes are as 
follows: 
1. H, ensifer complex: H. ensifer, H. parvispina and H. ainacula 
2. H. sibogae complex: H. sibogae and H. hayashii 
3. H. woodmasoni complex: H, woodmasoni, H. intermedius and H. calmani 
4. H. gibbosus complex: H. gibbosus (including high crest and low crest forms) 
H. gibbosus has no spine on its abdominal somite, while species in the H. 
woodmasoni complex has one spine on the third abdominal somite. Species within 
both the H. ensifer and H. sibogae complexes have two dorsal spines. The main 
difference between them is the presence of the dorsomedian carinae on the first 
two abdominal somites in species within the H. sibogae complex. H. laevigatus 
was not grouped into any species complex; it was included in this study as a sister 
i 
taxon for comparison with the Heterocarpus species studied. 
The aims of the present study are to examine the validity of the existing 
groupings of the above four Heterocarpus complexes and to elucidate the 
phylogenetic relationship among these complexes using a molecular approach. 
Mitochondrial genes coding for the large subunit (16S) ribosomal RNA and 
cytochrome c oxidase I (COI) were used for analyses in this study. 
The genetic divergence among the ten Heterocarpus species ranges from 
0.000 to 0.126 for 487 base pairs of 16S rRNA gene sequences and ranges from 
0.015 to 0.205 for 1259 base pairs of COI gene sequences. All molecular analyses 
support the monophyly of taxa within each of H. gibbosus and H. woodmasoni 
complexes. Within K woodmasoni complex, H. woodmasoni and H. intermedius 
are closely related based on the analysis of COI gene, while the relationship 
among the three species in this complex remains unresolved based on analysis of 
16S rRNA gene. The monophyly of species within H. ensifer complex or H. 
sibogae complex is not supported by molecular analyses. The results of this study 
show that species in the two complexes (H. ensifer, H. pai-vispina, H. amacula, H. 
sibogae and H. hayashii) are as a whole monophyletic. They should be grouped 
into one species complex instead of the two. H, woodmasoni and H. gibbosus 
complexes are shown to be more closely related to each other than to the other 
complexes based on the analysis of 16S rRNA gene, while the relationship among 
Heterocarpus complexes remains unresolved from the analysis of COI gene. The 
number of dorsal spines on abdominal somites is confirmed to be a 
phylogenetically informative character to group the nine Heterocarpus species 
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摘要 
異腕暇在分類上是屬於甲殷十足目(Decapoda)�長額蝦科（Pandalidae)之 
異腕暇屬_ e r o c a r p u s ~ ) °異腕暇具有食用價値’在臺灣爲重要經濟暇類之 
一 。 全 球 所 知 共 有 2 8 種 異 腕 暇 ’ 分 佈 於 熱 帶 、 亞 熱 帶 及 溫 帶 海 域 。 
根據腹節背剌數目之不同，本硏究所討論的九種異腕暇被分成以下四個 
類群： 
1 .劍額異腕暇 ( i i / . 類群：劍額異腕暇(丑 e n s i f e r l細剌異腕暇(//. 
parvispina)和高冠異腕暇amacula) 
2 .東方異腕暇纟類群：東方異腕暇 (尺 s i b o g a e ) 和林氏異腕煆 ( / /• 
hayashii) 
3 . 鉤棘異腕蝦 w o o d m a s o n i ) 類群：鉤棘異腕暇 w o o d m a s o n i \ 中型異 
腕暇/«/日/7776^5?/««^)和卡氏異腕暇(//. calmani) 
4 .隆額異腕蝦 g i b b o s u s )類群 :H . gibbosus (包括高額冠及低額冠） 
K gibbosus類群內之品種在腹節並沒有任何背剌，而付woodmasoni類群內 
之品種則在第三腹節有一條背剌°雖然H, ensifer及H, sibogae類群內的的品 
種都具有兩條背刺，但由於付 .群內的品種在第一及第二腹節有葉 
狀突起物，而Z/.e/wi/^er類群內的品種則缺之，因此牠們被歸分兩個類群。滑 







硏究結果顯示在4 8 7個1 6 S rRNA碱基序列之遺傳距離是由0 .0000至 
‘ 0.1264之間；而1259個COI碱基序列之遺傳距離則由0.0153至0.2045之間° 
所有分子分析結果也支持付woodmasoni及H. g—omy類群內之品種各自組 
成一單源進化支 °在H . woodmasoni類群之內，COI之結果分析顯示K 
woodmasoni及H. intermedius之關係較比爲相近，但這三個品種 
之關係在16S rRNA的分析中則沒法闡釋。分子分析結果顯示H�ensi fer或H. 
sibogae類群內之品種並不是單源關係，而是在這兩類群內所有品種ensifer, 
H. parvispina, H. amacula, H. sibogae and H. /^^[yas/?//)組成一單源進化支。根據 
以上結果， e n s i f e r束H . •^•3^?&«6類群內之五個品種不應被切割成兩個類群， 
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Species of Heterocarpus are deep sea shrimps of Family Pandalidae, 
Superfamily Pandaloidea，Order Decapoda. They are found in tropical, 
sub-tropical and temperate areas. A total of 28 Heterocarpus species have been 
described. 
The number of dorsal spines on abdominal somites of Heterocarpus was 
believed to be the main phylogenetic feature permitting them to be distinguished 
into different groups or species complexes (Crosnier, 1988). Chan and Yu (1987) 
grouped nine Heterocarpus species into four species complexes mainly based on 
the number of dorsal spines on abdominal somites of Heterocarpus (Table 1.1). 
Species within H. woodmasoni complex {K woodmasoni, H. intermedius and H. 
calmani) have one dorsal spine. Species within H. gibbosus complex (high crest 
and low crest forms) do not have any dorsal spines. H. ensifer, H. parvispina, H. 
amacula, H. sibogae and H. hayashii all have two dorsal spines. The last species 
were separated into two complexes because H. sibogae and H. hayashii have 
strong dorsomedian carinae on the first and second abdominal somites, while H. 
1 
Table 1.1 Grouping of the four Heterocarpus species complexes based on 
morphologies. 
No. of o . 
Species Species 
dorsal 




2 H. ensifer H. ensifer A. Milne Edwards, 1881 (Figure 2.2a) 
H. parvispina de Man, 1917 (Figure 2.1a) 
H. amacula Crosnier，1988 (Figure 2.1b) 
2 H. sibogae H. sibogae de Man, 1917 (Figure 2.1c) 
H. hayashiiCrosnier, 1988 (Figure 2.Id) 
1 H. woodmasoni H. woodmasoni A\coQk, 1901 (Figure 2.3a) 
H. calmani Crosnier, 1988 (Figure 2.3b) 
H. intermedius Crosnier, 1999 (Figure 2.3c) 
0 H. gibbosus high crest form of H. gibbosus Bate, 1888 (Figure 2.2c) 
low crest form of H. gibbosus Bate, 1888 (Figure 2.2b) 
2 
ensifer, H. parvispina, H. amacula have no dorsoinedian carinae on abdominal 
somites. 
Phylogenetic study of Heterocarpus based on morphometric analysis was 
carried out by Yang (2001). Her results support the idea that the number of dorsal 
spine was a phylogenetically informative character that could be used to 
distinguish Heterocarpus species into different species complexes. Species within 
each of H. gibbosus and H. woodinasoni complexes are shown to be monophyletic. 
Yet, monophyly of species within H. ensifer or H. sibogae complexes is not 
supported by Yang's morphometric analysis. Her results show that H. ensifer, H. 
parvispina, H. sibogae and H. hayashii {H. amacula was not included in her study) 
are monophyletic. However, similar morphologies of organisms can be a result of 
convergent evolution. Phylogenetic reconstruction of taxa based on morphological 
analysis sometimes may not yield the natural phylogenetic trees due to convergent 
evolution of organisms. 
Molecular data can act as additional information to morphological data in 
phylogenetic reconstruction (Avise, 1994; Hillis et al, 1996). Although 
morphological and molecular characters evolve independently (Wilson et al. 1974, 
1977)，morphological phylogeny and molecular phylogeny should be viewed as 
3 
complementary with the former providing a framework on which the latter was 
initiated (Hillis，1987; Moritz and Hillis, 1996). Morphological and molecular 
information have distinct advantages and disadvantages in phylogenetic analysis. 
In general, studies that incorporate both types of data will provide much better 
interpretation of the phylogeny (Hillis et al, 1996). 
Yang (2001) conducted a molecular study on Heterocarpus. She employed 
D2 regions of 28S rRNA gene as a molecular marker to elucidate the phylogenetic 
relationship of the four Heterocarpus species complexes (Figure 1.1). There are 
three clusters recognized in the tree constructed with 28S rRNA: 1) high crest and 
low crest forms of H. gibbosus in H. gibbosus complex, and H. laevigatus and 2) 
one clade with H. sibogae, H. hayashii, H, ensifer and H. parvispina and 3) a 
clade composes of H. woodmasoni, H. calmani and H. intermedius (species within 
H. woodmasoni comples). Species within each of the H. gibbosus and H. 
woodmasoni complexes are shown to be monophyletic based on her results. 
Monophyly of H. sibogae complex {H. sibogae and H. hayashii) or H. ensifer 
complex {H. ensifer and H, parvispina) is not supported by her molecular results. 
Her results show that H. sibogae, K hayashii, H. ensifer and H. parvispina 
4 
100 ^ 
IQQ H. sibogae 
— H. hayashii 
61 
認 IL ensifer 
H. parvispina 
100 




96 H. gibbosus (high crest) From Taiwan 
70 
仍 JL gibbosus (high crest) 
� From Fiji 





Figure 1.1 Phylogenetic trees constructed based on D2 regions of partial 28S 
rRNA gene. Numbers above branches indicate bootstrap values from neighbor-joining 
analysis (in italics), maximum parsimony analysis (in bold and italics), and maximum 
likelihood analysis (normal text). Branches without bootstrap numbers mean that the 
bootstrap values are below 50% in all analyses (from Yang, 2001). 
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constitute a monophyletic group. The phyiogenetic relationship among taxa within 
each Heterocarpus complex remains unresolved in her study. In conclusion, 28S 
rRNA gene may be too conserved (genetic divergences of Heterocarpus studied 
ranging from 0.0013 to 0.0405) to resolve the phyiogenetic relationship among 
these taxa. More variable 16S ribosomal RNA and cytochrome c oxidase (COI) 
mitochondrial genes were employed in my study. 
Mitochondrial DNA (mtDNA) plays a very important role in systematic 
studies because animal mtDNA is a small, maternally inherited genome that lacks 
of recombination and has a rapid rate of evolution in most animals (Brown et al. 
1979; Wolstenholme, 1992). Phyiogenetic studies of crustaceans based on 
mitochondrial genes have been reported in lobsters (Tarn and Kornfield，1998)， 
penaeid shrimp (Baldwin et al” 1998; Tong et al., 2000), and crabs (Tarn et al., 
1996). 
The aims of this thesis are: 1) to examine whether the grouping of the nine 
Heterocarpus species into four complexes is valid, and 2) to elucidate the 
phyiogenetic relationship of Heterocarpus species within each complex and 
among the complexes. Segments of two mitochondrial genes (16S rRNA and COI) 
6 
from ten Heterocarpus species and the outgroup, Pandalus chani were used for 
. . . . 驗 丨 - . • . 。 : . : . . . 
Chapter 2 
Literature Review 
2.1 Introduction to phylogenetic biology 
2.1.1 Definition of phylogenetics 
Phylogenetics is the study of evolutionary relationships among organisms. It 
aims to reconstruct the correct genealogical ties among biological entities, to 
estimate the time of divergence between organisms and also to chronicle the 
sequence of events along evolutionary lineages (Graur and Li, 1999). Molecular 
phylogenetics refers to the use of molecular data in elucidating the phylogenetic 
relationship among taxa. 
2.1.2 Why employ molecular genetics markers in phylogenetics? 
Traditional taxonomy is mainly based on morphological and anatomical data, 
8 
and paleontological information. However, sometimes these data cannot provide 
enough information to elucidate the phylogenetic relationship of species. 
There are several advantages of using molecular methods in phylogenetic 
studies (Graur and Li, 1999). First, DNA and protein sequences are strictly 
heritable entities, but, in contrast, morphological traits can be influenced by 
environment factors to different extents. In addition, DNA and other molecular 
traits usually evolve in a more regular manner than morphological and 
physiological characters. In this case, molecular data like DNA sequences can 
provide more reliable data than morphological information for phylogenetic 
reconstruction. 
Secondly, the description of morphologies always contains ambiguous terms, 
like "short", "thin" etc. On the other hand, description of molecular characters is 
unambiguous. Therefore, molecular characters can be easily quantified based on 
mathematical and statistical theories. 
Finally, molecular information is more abundant than morphological data, 
especially for bacteria and unicellular algae in which morphological characters are 
9 
very limited. Molecular data can be applied to very distant groups like fungi, 
animals and bacteria, while it is very difficult to compare morphologies among 
these groups. 
2.2 DNA Analysis and its contributions to phylogenetics 
Utilization of an appropriate molecular technique to generate data and 
employment of appropriate methods to analyze the data collected are equally 
critical in molecular phylogeny reconstruction (Mortiz and Hillis, 1996). 
Mitochondrial DNA (mtDNA) is the most common genetic marker used in 
studying the phylogeny of organisms. 
2.2.1 Historical development of molecular analysis in phylogenetics 
From the 1950's protein electrophoresis and specific histochemical staining 
have been developed for studies of phylogeny, because these techniques can be 
used to detect large amount of genetic variations in protein-coding genes with 
relative ease and cost-effectiveness. Because gene expression products such as 
allozymes are products of evolutionary processes, these proteins variants of a 
10 
genetic locus follow Mendel's Laws, so that they are informative as phylogenetic 
markers. 
However there are several disadvantages of using enzyme electrophoresis in 
phylogenetic studies when compared with DNA analysis. 
1. Allozyme analysis is actually an indirect measurement of genetic variation in a 
small portion of the genes when even many loci are examined (Hillis et al. 1996). 
2. Allozyme analysis is less powerful for determining relationship of distant taxa 
as most loci would be fixed in different species (Avise, 1994). 
3. Allozyme may be under the influence of natural selection (Avise, 1994). 
The technique of DNA sequencing developed rapidly in the past two decades, 
and it is now the commonest method used in molecular systematics. The 
characters (nucleotides) are the basic unit of genetic information so that these 
characters are very easy to be incorporated for evolutionary analysis. It is also a 
relatively simple and cost-effective method to produce sufficient data for analysis 
since after DNA is extracted and certain gene segments are amplified by the 
Polymerase Chain Reaction (PGR), nucleotide sequences can be obtained using 
automated DNA sequencing. 
11 
The Polymerase Chain Reaction is one of the standard methods used in 
molecular systematics (Mortiz and Hillis, 1996). It is a very fast and powerful 
way to amplify fragments of the genes of interest with appropriate primers. A PGR 
cycle consists of three major phases: denaturation, annealing and extension. In the 
first denaturation step, double stranded DNA is denatured into single strands at 
high temperature. Usually, 94�C is used in this phase, although some protocols 
suggest 92°C (Mortiz and Hillis, 1996). Annealing is the phase of lowering 
temperature which enables oligonucleotide primers to bind to the appropriate sites 
in the DNA template. This is the most critical phase because the expected 
synthesis will result only if primers bind to the target position of the template. The 
final phase is extension which allows the enzyme DNA polymerase to synthesize 
the target DNA segment with dNTPs (Mortiz and Hillis, 1996). In order to 
produce enough amounts of target segments of DNA for sequencing, the PGR 
conditions should be optimized. 
2.2.2 Nuclear ribosomal DNA (rDNA) 
Ribosomal RNA genes (rRNA) are powerful phylogenetic markers. The 
12 
eukaryotic nuclear ribosomal RNA gene includes three coding regions, a small 
subunit gene (16S to 18S), a large subunit gene (26S to 28S)，and the 5.8S gene. 
In addition, two internal transcribed spacers (ITS-1 and ITS-2) lie between these 
genes and there is an external transcribed spacer (ETS) at the 5' end of the 
transcribed RNA. These six components make up the basic cluster of ribosome 
gene (Hillis et al, 1996). 
Different regions of rRNA evolve at different rates so that they can be used 
for phyiogenetic studies at different taxonomic levels with different levels of 
divergence (Hillis and Dixon, 1991). 
Large subunit (26S-28S) rRNA gene is commonly used for reconstructing 
phyiogenetic relationship among taxa at higher taxonomic levels such as families. 
In contrast, ITS regions of the ribosomal RNA gene evolve in a comparatively fast 
rate because the ITS regions have fewer functional constraints than the other 
ribosomal genes (Medina et al, 1999). This feature makes ITS regions a useful 
marker for lower-level taxonomic comparisons, although complications can arise 
if there is extensive variation among copies within individuals (Hillis et al., 1996; 
Harris and Crandall, 2000). 
13 
2.2.3 Animal mitochondrial DNA (mtDNA) 
In the past decade, mtDNA analysis has become a powerful tool for 
evolutionary studies of animals (Moritz et al, 1987). Mitochondrial DNA is a 
well studied extranuclear genome; it has been used to provide insights into 
population structure and gene flow, hybridization, biogeography, and phylogenetic 
relationships (Avise, 1994). 
The structure and genetic basis of variation in metazoan mtDNA are 
probably better understood than that of any comparably sized region of the 
nuclear genome. With few exceptions, animal DNA is a closed circular molecule, 
with similar sizes in closely related taxa (16-20 kb) (Clayton, 1992). The gene 
content of animal mtDNA is identical, including 22 tRNAs, two rRNAs (12S and 
16S), two ATPases (ATP6 and ATP8), three cytochrome oxidases (COI, II and III), 
cytochrome b’ seven NADHs (NDl, 2, 3，4，4L，5，and 6), and a control region 
which initiates replication and transcription (Wolstenholme, 1992). 
Studies on primates showed that the evolution rate of mtDNA was about five 
14 
to ten times higher than nuclear DNA (Brown et al,, 1979). It is believed that the 
higher evolutionary rate in mitochondrial genome is due to the lack of known 
repair mechanism for mutations that arise during replication, which then lead to 
accumulation of nucleotide diversity from generations to generations (Clayton, 
1992). Numerous studies have shown that the mode of inheritance of mtDNA is 
generally maternal, and that recombination is generally absent. Simple sequence 
organization, maternal inheritance and the absence of recombination make 
mtDNA an ideal marker for tracing maternal genealogies (Harrison, 1989). 
Similar to nuclear rRNA genes, different genes in mtDNA have different 
evolutionary rates. Therefore they can be used to study taxa at different levels of 
divergence. Numerous studies have shown that the highest evolution rate is 
usually found in the control region, followed by protein-coding genes 
(Wolstenholme, 1992). The variable regions of large (16S) and small (12S) 
subunit genes can be used in studying phylogenetic relationship of closely related 
taxa like species. The highly conserved regions of the genes can be used to study 
the phylogenetic relationships of taxa at higher taxonomic levels such as families 
and orders (Kocher and White, 1989). 
15 
2.3 Molecular phylogeny of crustaceans 
Molecular techniques have become increasingly popular in phylogenetic 
studies of crustaceans in the recent decade. DNA sequencing analysis is among 
the most important tool applied to examine genetic diversity and to elucidate 
phylogeny of crustaceans. 
2.3.1 Phylogenetic studies of crustaceans using nuclear ribosomal DNA 
Nuclear ribosomal RNA genes (e.g. 18S rRNA and 28S rRNA) are relatively 
conserved genes, and they are usually used in studying phylogeny at higher 
taxonomic levels. Spears et al. (1992) stated that the reasons for selecting 18S 
rRNA as an evolutionary marker are its ubiquity and homology in all organisms, 
and its structural constancy. Kim and Abele (1990) employed 18S rRNA to study 
the phylogenetic relationships among nine species of decapod crustaceans from 
four different infraorders. The results showed that 18S rRNA was effective in 
resolving relationships among crustacean taxa at the infraorder level. 28S rRNA 
was employed by Crandall et al. (2000) to study the phylogenetic relationships 
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among three superfamilies (Astacidae, Cambaridae and Parastacidae) of 
freshwater crayfish. Their results showed that Astacidae and Cambaridae formed 
one clade with 100% bootstrap support. The monophyly of Parastacidae was 
questioned because one genus {Cambaroides) within this superfamily is 
associated with Astacidae. 
Nuclear ribosomal genes are also commonly used to clarify or re-examine 
the grouping of taxa based on morphological features. Spears et al. (1992) 
conducted a study using 18S rRNA to reveal the phylogenetic relationship of 
dromiid crabs (Dromiidae). The results showed that dromiid crabs should be 
removed from Branchyura. These results contradict the phylogeny in studies 
based on morphological traits that place dromiid crabs in Branchyura. 
2.3.2 Phylogenetic studies of crustaceans using mt DNA 
Mitochondrial genes such as the large subunit (16S) ribosomal DNA and 
cytochrome c oxidase subunit (COI) are the most popular molecular markers used 
in molecular systematic studies of crustaceans (Tarn and Kornfield, 1998; Tong et 
a!., 2000). 
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16S rRNA and COI genes are effective genetic markers for examining the 
groupings of crustacean species within genera. Ptacek et al. (2001) employed 16S 
rRNA and COI genes to study the phylogenetic relationship of all described 
species and four subspecies (a total of 21 taxa) of spiny lobster within the genus 
Panulirus. Species within this genus were morphologically classified into four 
groups mainly based on the exopod condition associated with second and third 
maxillipeds as shown in Table 2.1. Two major lineages were shown in their results; 
the first included all species in Groups I and II，and the second lineage included 
all species in Groups III and IV. The molecular data did not support the separation 
of taxa in Group I from Group II or group III from Group IV. The pair wise 
sequence divergence between species in Group I/II (COI: 12.4-31.8%) is higher 
than that between species in Group III/IV (COI: 12.6-19.6%). This pattern 
suggested that lineage I/II may represent an earlier radiation of Panulirus. Results 
from their study clarified the phylogenetic relationship of the grouping in genus 
Panulirus, also supported the morphological classification and gave insights to the 
hypothesis of speciation of Panulirus. 16S rRNA and COI genes are ideal markers 
to examine the morphological groupings of species in crustacean like Panulirus. 
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Table 2.1 Grouping of spiny lobster genus Panulirus based on morphological 
difference (Ptacek et al 2001). 
Groups Exopod condition 
3rd maxmiped maxilliped 
I Present with flagellum Present with flagellum 
II Present without flagellum Present with flagellum 
III Absent Present with flagellum 
IV Absent Present without flagellum 
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The 16S rRNA gene is commonly used to distinguish phylogenetically 
closely related taxa at the specific level. Schubart et al (2001) employed the 16S 
rRNA gene to elucidate the phylogenetic relationships of four species of 
Brachynotus, Brachynotus atlanticus, B. foresti, B. gemmellari and B. sexdentatus. 
Their results showed that all species of Brachynotus formed one monophyletic 
group. Inside this clade, B. atlanticus, and B. foresti formed one cluster, while B. 
gemmellari and B. sexdentatus formed another cluster. The 16S rRNA gene 
proved to be a good genetic marker to clarify the phylogenetic relationship of taxa 
at specific level. 
In some cases, the existing classification is not supported by molecular 
results. Morphological similarities of organisms may be a result of convergent 
evolution. In this case, the taxonomy based on morphologies cannot reflect the 
real phylogenetic relationship. Tarn et al (1998) employed 16S rRNA as a 
molecular marker to study the phylogenetic relationships among five genera of the 
clawed lobster family Nephropidae (infraorder Astacidea), including Homanis, 
Homarinus, Metanephrops, Nephrops, and Nephropsis. The phylogenetic position 
of Metanephrops changed with different reconstruction method. This result 
indicated that some morphological characters employed in the grouping of 
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Nephrops and Metanephrops may be due to convergence rather than 
symplesiomorphy, and therefore current taxonomy does not reflect the phylogeny 
of this family. Further molecular data and homologous morphological characters 
are required to address the evolutionary history of the clawed lobsters. 
Mitochondrial DNA sequences are powerful not only for studying 
phyiogenetic relationship among taxa at specific level but also for detecting 
sibling species and cryptic species which are morphologically indistinguishable. 
Xam et al (1996) employed 16S rRNA and COI genes to study the divergence and 
zoogeography of the mole crab Emerita species in the Americas. Of the six 
species, two {E. analoga and E. rathbunae) are distributed on the West Coast and 
the other four {E. talpoida, E. beneidcti, E. brasiliensis, and E. portoricemis) are 
found on the East Coast. The results show that E. analoga, is divergent from the 
other five species, while E. rathbunae is phylogenetically more closely related to 
the species found in the East Coast. This pattern of divergence supports the 
hypothesis that E. rathbunae shares a more recent common ancestor with the East 
Coast species than with E. analoga. Moreover, the striking high level of 
divergence (3.5% between E. analoga sampled from California and Chile) 
indicated no gene flow currently occurs between the disjunct populations. This 
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evidence shows that E. analoga may consist of sibling species. 
2.4 Taxonomy of the genus Heterocarpus A. Milne-Edwards, 1881 







Heterocarpus species are deep-sea shrimp found in tropical, subtropical and 
some temperate areas in ocean with depth of 73 to 2834 m (Chace, 1985; Crosnier, 
1988). There are totally 28 species in this genus reported in the world (Crosnier, 
1988). The genus Heterocarpus is characterized by the following features (Chace, 
1985; Chan and Yu, 1987): 
1. rostrum armed with teeth on both margins; 
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2. carapace without supraorbital spine, dorsal carina nearly to posterior margin, 
and with one or more longitudinal lateral carinae; 
3. cornea of eye wider than eyestalk; 
4. second maxilliped with terminal somite wider than long; 
5. third maxilliped with exopod; and 
6. pereopods with epipods on four anterior pairs, second pair distinctly unequal 
and dissimilar, left member with 7-12 carpal articles, and right member with 
18-25 articles. 
In traditional morphological classification of Heterocarpus, the number 
of dorsal spines was the main feature for clustering species into different groups 
or species complexes (see Table 1.1) (Chan and Yu, 1987). The groupings of the 
four complexes are as follows: 
1. H. ensifer complex (Figure 2.1): H. ensifer, H. parvispina and H. amacula 
2. H. siboage complex (Figure 2.2): H. sibogae and H. hayashii 
3. H. gibbosus complex (Figure 2.3): high crest and low crest forms of H. 
gibbosus 






Figure 2.1 Photos of species within H. ensifer complex: a. H. ensifer 
(from Yang, 2001), b. H. parvispina (from Crosnier, 1988) and c. H. amacula 




Figure 2.2 Photos of species within H. sibogae complex: a. H. sibogae (from 




Figure 2.3 General appearance of a. low crest form of H. gibbosus (from Yang, 
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Figure 2.4 General appearance of species in H, woodmasoni complex: a. H. 
woodmasoni (from Jones, 1994); b. H. calmani (from Holthuis, 1983); c. H. 
intermedius (from Crosnier, 1999). 
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H. gibbosus has no spine on abdominal somite, while species in the H. parvispina 
complex or H. sibogae complex have two spines on the third and fourth 
abdominal somites and only one spine on the third abdominal somite in species in 
H. woodmasoni complex. The presence of dorsomedian carinae on the first and 
second abdominal somites of taxa within H. sibogae complex is the main feature 
to distinguish the H. sibogae and H, ensifer complexes. 
Apart from the different number of dorsal spines, the details of 
morphological features of the species in the four Heterocarpus complexes studied 
in the present work are described as follows: 
1) H. ensifer complex. 
All Heterocarpus species with two dorsal spines on the third and fourth 
abdominal somites caught in Atlantic Ocean was considered to be a single species, 
H. ensifer (Figure 2.1a). However, some Heterocarpus caught in Pacific Ocean 
were found to be very similar to H. ensifer. They had two dorsal spines, but the 
spine on the fourth abdominal somite was shorter than that of the specimens found 
in the Atlantic. These specimens were classified as the subspecies of H. ensifer, 
called H, ensifer parvispina (De Man, 1917) (Figure 2.1b). Crosnier (1988) 
reported that besides the length of the spines, the number of rostrum, carapace 
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dorsal teeth and spines on the pereopods of H. ensifer and H. ensifer parvispina, 
were also different. Therefore, Crosnier (1988) believed that the differences were 
enough to raise H. ensiferpai-vispina to a new species, i.e. H. parvispina. 
Another species, H. amacula (Figure 2.1c), was previously recognized as H. 
parvispina. The most noticeable difference between H. parvispina and H. 
amacula is that H. parvispina has a red spot on the lateral carapace while H. 
amacula has no red spot on the body. Morphologically, H. amacula also differs 
from H. parvispina in that the postrostral teeth series extends back to more than 
half the carapace length, while the postrostral teeth series of H. parvispina is 
generally restricted to the anterior half of dorsal carapace. H. ensifer differs from 
H. parvispina and H, amacula in having the posterior spine on the fourth 
abdominal somite of the same length as the posterior spine on the third abdominal 
somite. For both H. parvispina and H. amacula, the posterior spine on the fourth 
abdominal somite is very short. 
2) H. sibogae complex. 
The type locality of H. sibogae (Figure 2.2a) is Indonesia. The third and fourth 
abdominal somites of H. sibogae are carinated and each armed with a 
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posteromesial tooth, the same as H. ensifer. However, the abdomen of H, 
sibogae has strong dorsomedian carinae on the first and second abdominal 
somites while H. ensifer has no distinct dorsomedian carina on these somites. In 
addition, a red spot is found on the third abdominal somite of H. sibogae but it 
appears at the edge of carapace of H. ensifer. According to the above 
morphological differences, De Man (1917) distinguished H. sibogae from H. 
ensifer and reported it as a new species. Yet when Crosnier (1988) examined the 
specimens collected in the Pacific, he noticed that some specimens which had 
been originally identified as H. sibogae were found to have different length of 
the dorsal spine and the red spot is on branchio-cardiac region instead of on the 
third abdominal somite. Therefore, these specimens were described as a new 
species called H. hayashii (Figure 2.2b). 
3) H. gibbosus complex. 
H. gibbosus was found to have low crest (Figure 2.3a) and high crest (Figure 2.3b) 
forms, and this morphological difference was claimed to be intraspecific variation 
(Chace, 1985). Most specimens collected in Taiwan and Japan belong to the 
low-crested form (Chan and Yu, 1987). In contrast, all specimens collected in 
north-eastern part of Australia and South Pacific are the high-crested form 
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(Wadley and Evans, 1991). Further studies like molecular analysis are needed to 
confirm whether the polymorphic forms of H. gibbosus represent intraspecific 
variation or not. 
4) H. woodmasoni complex. 
H. woodmasoni (Figure 2.4a) is widely distributed in the Indo-West Pacific. Its 
main feature is that there is a dorsal tooth on the third somite near mid length. 
Some H. woodmasoni collected in south-eastern part of Africa had the following 
characters different from the H. woodmasoni specimens collected in other 
localities: 
I. presence of two pairs of lateral spines on the telson anterior to the posterior 
pair; 
2. presence of one red spot on the dorsal tooth; and 
3. presence of different number of the spines on ischium of third pereiopod. 
In contrast, H. woodmasoni from other localities had four pairs of dorsal spinules 
on the telson and did not have any red spot on dorsal tooth. Subsequently, these 
specimens found in south-eastern part of Africa were described as a new species 
called H. calmani (Figure 2.4b) by Crosnier (1988). 
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Specimens that looked like H. woodmasoni were collected in New Caledonia, 
South Pacific but there were only two pairs of dorsal spinules on the telson and 
without any red spot on the dorsal tooth. In addition, the number of rostral teeth 
and the ischial spines on second and third pereiopods were different than those of 
both H. woodmasoni and H. calmani. Therefore, Crosnier (1999) described the 
specimens collected in New Caledonia as a new species called H. intermedius 
(Figure 2.4c). 
H. laevigatus (Figure 2.5a) was included in this study as a sister taxon for 
comparison of the phyiogenetic distance to other Heterocarpus species. It was not 
grouped into any of the four complexes (Chan and Yu, 1987). Pandalus chani 
(Figure 2.5b) was included as outgroup in this study. 
Yang (2001) applied D2 regions of 28S rRNA gene to elucidate the 
phyiogenetic relationship of the four Heterocarpus complexes. The genetic 
divergences of 28S rRNA gene among all studied Heterocarpus range from 
0.0013 to 0.0405 with a mean of 0.0238. Genetic divergence of high crest and 
low crest forms of H. gibbosus is 0.0013，which is the lowest value among all 






Figure 2.5 General appearance of a. H, laevigatus (from Yang, 2001) and b. 
Pandalus chani (from Yang, 2001). 
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low crest form of H. gibbosus) and H. woodmasoni complex {H. woodmasoni, H. 
calmani and H. intermedius) is supported by 28S rRNA analysis. But the 
monophyly of each of the H. ensifer {H. ensifer and H. parvispina; H. amacula 
was not included in her study) and H. sibogae {H. sibogae and H. hayashii) 
complexes is not supported by her analysis. Her results showed that H. ensifer 
and H. parvispina, H. sibogae and H. hayashii are monophyletic. The 
relationship of taxa within each species complex is not well resolved by the 28S 
rRNA gene (Figure 1.1). Her molecular results show that H. woodinasoni, H. 
sibogae and H. ensifer complexes are more closely related to each other than to 
the H. gibbosus complex. But the results of her morphometric analysis were in 
conflict with the above conclusion, showing that H. woodmasoni and H. 
gibbosus complexes are more closely related than to other Heterocarpus 
complexes. Her molecular analyses support the number of dorsal spine as a 
phylogenetically informative character to group the eight Heterocarpus species 
(//• amacula was not included in her study) into different complexes. 
In terms of genetic divergence，28S rRNA is believed to be a more conserved 
gene when compared to 16S rRNA and COI genes. It is usually used to study the 
phylogenetic relationship among taxa at higher taxonomic levels such as orders 
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or superfamilies (Braga et al., 1999; Crandall et al 2000; Wheeler et al, 2002). 
Two more variable mitochondrial ribosomal RNA (rRNA) genes, 16S rRNA and 
COI were employed in this study to elucidate the phylogenetic relationship of 
taxa within the Heterocarpus complexes and among the complexes. 
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Chapter 3 
Materials and Methods 
3.1 Collection and storage of specimens 
All specimens used in this study were provided by Prof. T. Y. Chan, Institute 
of Marine Biology, National Taiwan Ocean University. The taxonomic identities 
of the specimens were confirmed by Prof. Chan based on morphology. Pleopods 
of the ethanol preserved specimens were stored in 95% ethanol for transportation 
to Hong Kong for DNA extraction. Most of the specimens were collected in 
Taiwan, localities of specimens collected are shown in Table. 3.1. 
3.2 DNA extraction 
Total DNA was extracted from pleopod muscles (10-20 mg) using the 
QIAamp DNA Mini Kit (QIAGEN) with slight modifications of the procedures as 
recommended by the manufacturer: 1) before pleopod muscles were minced, they 
were washed three times with sterile water, and 2) double distilled-water (ddHbO, 
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Table 3.1 Species studied, sampling localities and number of specimens 
sequenced for the two genes. 
Name of species Abbreviation Sample localities No. of specimens sequenced 
16S rRNA COI* 
Heterocarpus ensifer ens Guadeloupe 1 1 
K parvispina par Taiwan 3 3 
H. amacula ama French Polynesia 2 2 
H. sibogae sib Taiwan 3 2-3 
H. hayashii hay Taiwan 2 2-4 
H. woodmasoni woo Solomon 3 2-3 
H. intermedius int Fiji 2 1-2 
H. calmani cal Madagascar 2 1-2 
H. gibbosus (high crest) gib(h) Fiji 3 2 
H. gibbosus (low crest) gib(l) Taiwan 2 2 
H. laevigatus lae Taiwan 3 2 
Pandalus chani R chani Taiwan 2 -
* The COI gene was amplified by two sets of primers (see Table 3.2). The number 
of individuals used for amplification by two different sets of primers might be 
different. 
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200^1) instead of the buffer provided in the kit was used to elute DNA from the 
spin column. After extraction, 5-8 i^l eluate was subject to 1% agarose gel 
electrophoresis and ethidium bromide staining to check for the quality of DNA. 
The spin-column kit was found to be reliable and quick in the preparation of high 
molecular weight total DNA for polymerase chain reaction (PGR) from 
ethanol-preserved muscle down to 10 mg. In some rare cases even when no DNA 
bands or smear were visible after electrophoresis, PGR was still successful using 
these eluates as template. 
3.3 Amplification of mitochondrial genes 
Segments of two mitochondrial genes, large subunit (16S) ribosomal RNA 
gene and cytochrome c oxidase subunit I (COI) gene were amplified from total 
DNA using polymerase chain reaction (PGR) (Palumbi et al, 1996). 
The primer pair used for amplifying and subsequent sequencing of 
mitochondrial 16S rRNA gene was 16Sar and 16Sbr (Simon et al., 1994). The 
expected size of the region amplified is 560 base pairs (bp). The primer sequences 
and the corresponding sites of 16Sar and 16Sbr on the complete mitochondrial 
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DNA sequences of Penaeus monodon (Wilson et al” 2000) are shown in Table 
3.2. 
For COI gene, two segments of COI gene were amplified. The primer pairs 
used were LCD1490/HC02198 (Folmer et al, 1994)，COlf/COIa (Palumbi and 
Benzie,. 1991)，and C0Ip3/C0Ia (Tong et al, 2000). COI gene segments of H. 
woodmasoni and H. intermedius failed to be amplified by COIf/COIa. In these 
two species C0Ip3/C0Ia were used instead. The positions of the primer sites are 
shown in Figure 3.1. The primer sequences and corresponding primer sites of COI 
gene to the complete mitochondrial DNA sequences of Penaeus monodon (Wilson 
et al, 2000) are shown in Table 3.2. 
3.3.1 PGR profile 
3.3.1.1 16S rRNA gene 
The reaction mixture for PGR amplification (50 ^il) for 16S rRNA contained 
2\i\ of the DNA extract, 6 \i\ of Mg2+ free buffer (lOX), 3.5 …of 25 mM MgCb, 3 




































































































































































































































































































































































































































































































of deoxy nucleotide triphosphate mix (dNTP, 10 mM of each), 2.5 units of Taq 
polymerase (5 units/nl), 12 \i\ Q-Solution (5X) and 17.6 of ddHiO. All the 
reagents were provided in the Taq PGR Core Kit (QIAGEN). 
The cycling profile for 16S rRNA was as follows: 4 min at 94°C for initial 
denaturation, and 35-40 cycles of 30 s at 95 50 s at 45-50 (depending on 
species), 50 s at 72 with a final extension for 5 min at 72 
3.3.1.2. COI gene 
3.3.1.2.1. Amplification of COI gene segment using primers 
LCD1490/HC02198 
The reaction (50 |li1) for amplification of the COI gene segment by 
LCD1490/HC02198 contained 3^1 of the DNA extract, 6 \i\ of Mg2+ free buffer 
(lOX), 3.5 i^l of 25 mM MgCb, 3 |il each of the primer stock solution ( 1 0 _， 2 . 4 
|il of dNTP (10 mM of each), 2.5 units of Taq polymerase (5 units/|il), 12 i^l 
Q-Solution (5X)，and 16.6 …of ddHsO. 
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The cycling profile for amplification of the COI gene segment using 
LCD1490/HC02198 was the same as that used for 16S rRNA gene. 
3.3.1.2.2. Amplification of COI gene segment using primers COlf/COIa and 
C0Ip3/C0Ia 
The reaction (50 ^1) of amplifications for the COI gene segment using 
COIf/COIa or C0Ip3/C0Ia contained 5 \i\ of the DNA extract, 6 |il of Mg2+ free 
buffer (lOX), 3.5 |il of 25 mM MgCb, 5 |il each of the primer stock solution 
( 1 0 _ , 2.4 |il of dNTP (10 mM each), 2.5 units of Tag polymerase (5 units/^1), 
12 III Q-Solution (5X)，and 10.6 of ddHsO. 
The cycling profile for COIf/COIa and C0Ip3/C0Ia was: 4 min at 94°C for 
initial denaturation then 35-40 cycles of 30 s at 95 50 s at 4 5 - 5 0 ( d e p e n d i n g 
on species), 50 s at 72 with the final extension for 5 min at 72 
All amplifications throughout the study were run concurrently with a 
negative control in which all components except the DNA template were added. 
No contamination was observed. The size and quality of PGR products were 
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visualized on 1% agarose gel. 
3.4 DNA sequencing 
Prior to sequencing, PGR products were purified by using QIAquick PGR 
purification kit (QIAGEN). For some samples, there were sub-bands observed as 
shown in agarose gel electrophoresis. If this situation could not be improved by 
changing PGR conditions, the QIAquick gel purification kit (QIAGEN) was used 
after cutting the band of the expected size from the gel. 
Purified double-stranded PGR products were sequenced using Dye Terminator 
Cycle Sequencing Ready Reaction Kit (Applied Biosystems) and analyzed on an 
ABI 3100 Genetic Analyser (Applied Biosystems). Cycle sequencing reaction was 
performed with 60 ng (as assessed with a DNA mass ladder) purified PGR 




Sequencing reaction mix was prepared as follows: 
Terminator Ready Reaction Mix 8.0 //1 
Template (purified PCR product) 3-8 ji 1 
Primer (one of the primers used in PCR) 1.2/z 1 
Add deionized water to final volume 20 ii 1 
The cycling profile was as follows: 1 minute at 96 for initial denaturation， 
then 28 cycles of 30 seconds at 96 °C，15 seconds at 50 °C，4 minutes at 60 and 
then kept at 4 
3.4.1 Purification of extension products 
The extension products were purified using ethanol precipitation method. 
The unincorporated primers and dNTPs in the products of sequencing reactions 
were removed by adding 2/zl of 3M sodium acetate (pH 4.6) and 5 0 “ 1 95% 
ethanol. The mixture was placed at -70 for 10 min for precipitation. The pellet 
was obtained after centrifugation at 4 °C for 20 min. The product was washed 
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once with 250//I 70% ethanol and centrifuged at 14,000 rpm for 5 min at 4°C 
and then vacuum dried. 15 //1 of Hi-Di Formamide (ABI PRISM) was added to 
the reaction products and mixed. The sequencing products were denatured at 96�C 
for 4 min. The products were quenched by putting on ice for at least 10 minutes 
before loading to the sequencer. Alternatively sequencing products could be stored 
at 4°C for up to one week before electrophoresis. Under this circumstance 
re-denaturation was needed before loading to the sequencer. 
3.4.2 Electrophoresis and data collection 
Denatured cycle sequencing products were loaded to an automatic sequencer 
(ABI PRISM 3100 Genetic Analyser) and electrophoresis and data collection were 
completed in three hours for 16 samples at one time. Individual complementary 
sequences of each gene were inspected by eye with the aid of SequencerTM 3.0.1 
(Gene Codes). The nucleotide sequence of each gene segment in a species was 
confirmed by reference to the data obtained from both strands of each individual 
(Table 3.1). Any undetermined bases and variable bases of the sequences were 
noted and designated as unknown bases. Consensus sequences of each species 
were used for phyiogenetic analysis. 
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3.5 Data analysis 
Representative sequences of 16S rRNA gene of Heterocarpus species studied 
were first aligned using the multiple-alignment program Clustal W 1.5c 
(Thompson et al., 1994) with some modifications subsequently made by eye. 
These manual adjustments involved placing gaps in the sequences. Since the two 
segments of COI gene overlapped, representative sequences of each segment of 
COI gene in each species were combined for analysis. The deduction of amino 
acid sequences for COI was based on the genetic code of the invertebrate 
mitochondrial DNA. 
The most appropriate models of DNA substitution were assessed by using 
Modeltest (version 3.06, Posada and Crandall, 1998). Phylogenetic trees were 
constructed based on three methods, Neighbour Joining (NJ) (Saitou and Nei, 
1987), Maximum Parsimony (MP) (Camin and Sokal, 1965) and Maximum 
Likelihood (ML) (Felsenstein, 1981) with PAUP* (version 4.0 beta version 10， 
Swofford, 2000). 
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Base composition and transition/transversion ratios were examined using 
PAUP* v4.0 blO (Swofford, 2000). A matrix of sequence divergences was 
calculated using either uncorrected ("p") or a maximum likelihood method which 
incorporated the model of evolution which best fitted the data. Minimum 
evolution neighbour-joining (NJ) was performed using the BIO-NJ option in 
PAUP* with 1000 bootstrap replicates. 
For maximum parsimony analyses, gaps in 16S rRNA data were treated as 
the fifth character state. Heuristic searches were undertaken using 100 random 
addition sequence starting trees and tree bisection-reconnection branch-sweeping. 
Branch support was assessed using 1000 bootstrap replicates. 
The most appropriate models of DNA substitution for maximum likelihood 
(ML) analyses were assessed using hierarchical likelihood ratio tests among a 
variety of competing models as implemented in the program Modeltest version 
3.06 (Posada and Crandall, 1998). Because of the number of taxa involved and 
computational time requirement, branch support for the best fitting tree from ML 
analyses was assessed using 100 bootstrap replicates. 
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Neighbour-joining and maximum parsimony trees based on amino acid 
sequences of COI gene were constructed with MEGA (Molecular Evolutionary 
Genetic Analysis, Version 2.0; Kumar et a\. 1993). For missing information, 
pair-wise deletion option was used. Bootstrapping (1000 replicates) was 
performed to assess the confidence level at each branch for both 
neighbour-joining and maximum parsimony analyses. 
A test of partition homogeneity (the incongruence-length difference test of 
Farris et al 1995)，performed in PAUP* between the 16S rRNA and COI genes 
proved to be significant (P<0.5). 
A priori and a posteriori alternative phylogenetic hypotheses were 
statistically tested with PAUP* using the Kishino-Hasegawa (KH) test (Kishino 
and Hasegawa, 1989), and corrected non-parametric Shimodaira-Hasegawa (SH) 




4.1 PGR products of mitochondrial 16S rRNA and COI genes 
Segments of 16S rRNA gene sequences were amplified from all ten 
species of Heterocarpus and Pandalus chani. The amplified segment of 16S 
rRNA gene was about 560 base pairs (bp). The amplified segments of COI gene 
using primer sets COI1490/HC02198 and COIf/COIa were each about 700 bp. 
The size of PGR products of 16S rRNA and COI gene segments is shown in 
Figure 4.1. Amplification of COI gene segments using the primer set COIf/COIa 
could not be achieved with samples obtained from H. woodmasoni and H. 
intermedius. Another primer set, C0Ip3/C0Ia, was used instead. The size of 
segments of COI gene sequences amplified by C0Ip3/C0Ia was about 100 bp 
shorter than that amplified by COIf/COIa. COI segments for analysis were 
obtained by combining representative sequences amplified by primers COIf/COIa 
(or C0Ip3/C0Ia) and COI1490/HC02198. The COI gene segment of the 
outgroup Pandalus chani failed to be amplified by both primer sets COIf/COIa 
and C0Ip3/C0Ia so that no combined sequence of COI gene of P. chani was used 
5 0 
M 1 2 3 
Figure 4.1 PGR products of mitochondrial 16S rRNA (Lane 1) and 
cytochrome oxidase I (COI) (by primers LCD1490/HC02198, Lane 2; by primers 
COIf/COIa, Lane 3) from H. hayashii. M: 100 base pairs ladder. 
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for subsequent analysis, though amplification of COI gene segment of P. chani by 
COI1490/HC02198 was successful. The PCR products of each of the three 
segments were apparently of the same size among the species studied. Among all 
species studied all genes exhibit similar low level of intra-specific variation (less 
than 1.5%). The number of individuals sequenced for each species is listed in 
Table 3.1. 
4.2 Genetic variability in Heterocarpus based on partial sequence of 16S 
rRNA gene 
487 base pairs (bp) of 16S rRNA gene were determined from the ten 
Heterocarpus species and the outgroup Pandalus chani (Figure 4.2). There were 
149 variable sites with 85 parsimony-informative characters. The variable sites in 
16S rRNA sequences were clustered in several regions along the sequences. It was 
noted that sequences of H. hayashii and H. parvispina are identical (Figure 4.2). 
The base compositions of partial 16S rRNA sequences are shown in Table 
4.1. The average base frequencies were 31.5%A, 11.5%C, 22.0%G and 35.0%T， 
(A+T%=66.5%)，indicating a moderate AT bias. This is consistent with previous 
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F i g u r e 4.2 A l i g n e d s e q u e n c e s of m i t o c h o n d r i a l 16S r R N A g e n e in 
Heterocarpus. D o t s i n d i c a t e n u c l e o t i d e s i d e n t i t y t o H. ensifer (top r o w ) , 
a n d d a s h e s i n d i c a t e g a p s i n t r o d u c e d to the s e q u e n c e s for a l i g n m e n t . 
A b b r e v i a t i o n s f o r t h e s p e c i e s are shown in T a b l e 3 . 1 . 
1 60 
e n s T T A A T A T A A A G T C T G G C C T G C C C A C T G A A G T - T A T T T A A A G G G C C G C G G T A A T T T G A C C G 
p a r 一 
a m a -
s i b -
h a y -
w o o G TT .A  
i n t G T T . a  
c a l G T T . a  
g i b ( h ) A . "  
g i b ( l ) A . - 
l a e A . T  
P c h a n ...- G — - A . - . .- C  
61 1 2 0 
e n s T G C G A A G G T A G C A T A A T C A G T A G T C T T T T A A T T G G A G G C T G G A A T G A A T G G T C G G A C A A G 
p a r  
a m a A 
s i b  
h a y  
w o o A T A 
i n t T A 
c a l A T A 
g i b ( h ) G A A 
g i b ( l ) G A A 
l a e A 
P c h a n G  
121 180 
e n s G A G T T G G C T G T C T T T T A T A T A A A G - T T T G A A T T T T A C T T T T A A G T G A A A A G G C T T A A A T G 
p a r A -
a m a A _ 
s i b A -
h a y A -
w o o G A - T T A A 
i n t . . . G G A - C T A A 
c a l G A - T T A A 
g i b ( h ) A G -C h 
g i b ( l ) A G . .G..-C A 
l a e C A - . . . C .TG.- A 
P c h a n . G . G A A .C. .T  
53 
181 240 
ens A A T T A G G G G G A C G A T A A G A C C C T A T A A A A C T T T A C A A G C G A A G A T T T G T A T T T T T T G A A T 
par A . . . 
ama TG A . TA C A . . . 
sib A A … 
hay A . . . 
w o o .G...A G A T A T . A- . . A - . . C . .A. .A. .A 
int .G T. G A T A T . A- . . A- A . .A. .A 
cal .G. . .A G . TA T . . - . . A- A . .A. .A 
gib(h) T . . . G G A . A TT •- -
gib(l) T . . . G G A . A TT .- -
lae TT G . TA .-A-. C • . . G C . , C . . A . . . 
Pchan GG • . G T GAGT C G . G A . C T . - ..._.. A . . . 
241 300 
ens T A A A G T A T A A T G T T A T T T A C T G T T C T - G T T - T G T T A T G T T G G G G C G A C A A A G A T A T A A T -
pair C G . • • 一 一 
ama C . G . G . . . . A C . . . - . C . -....G -
sib C G ~ . . . _ _ 
h a y C G 泰 — 一 
w o o T . . . .AG T .A. .-.TA.- C A 
int T . . . .AG T A A . .-.TA.- C A 
cal . . G . . . T . . . .AG T .A. .-.TA.- C A 
g i b ( h ) . . .G". .T. . . .A.C.A. .GT .A..G.T... - T 
g i b ( l ) . . . G . . T . . . .A.C.A..GT . A . . G . T … - T 
lae T . . . C A . .G-G.CA .CG...T.CC G T 
P c h a n . . G T . . T . . . - A . . C . A . G G G- T A . . T G T • . T G T . G . . . C G A C A . . G A T A . A . T . T 
301 360 
ens - A A G T A A C T G T T A A T T T T A T T G A A T A A T G A T A A T T A G T T T A A T T G A T C C T C T C T T A G A G A 
p a r - G  
ama - G A C G T . A — — G . • 
sib - G  
h a y - G  
w o o A - G TG A T . A . . . A … 
int G - GA T T . A  
cal G- G T T . A C  
g i b ( h ) G G . A C A — — G . A - T . A  
g i b ( l ) G G . A C A G . A - T . A  
lae T . . A C A GC A . . .G A  
P c h a n - . G T A . C T G T C A - T . .AAT. A GT G T . A A  
361 420 
ens T T A C A A G A T T A A G T T A C T T T A G G G A T A A C A G C G T A A T T T T C T C T G A G A G T T C T T A T C G A C 
p a r  
ama … A CT G  
sib  
h a y  
w o o ...T A T . A G  
int ...T A C T G  
cal . . .T. . . .A T . A G  
g i b ( h ) T C . A  
g i b ( l ) T C . A  
lae ...T T C . A  
P c h a n ...A C C  
54 
421 480 
ens G G G A A T A G T T G C G A C C T C G A T G T T G A A T T A A G A T T T C C T T T A G G T G A A G C A G T T T A A G G G 
p a r C  
ama T T A . A 
sib  
h a y : C  
w o o .A G . .G A C . 
int .A C . G . .G A C . 
cal .A G . .G A C . 
g i b ( h ) .A A T . 
gib(l) .A A T . 
lae .AA C..C T . 
P c h a n ....G G . . . . T . . . .A. . .T C . . . G T . A 
487 
ens G T A G G T C 
p a r  
ama . . G . . . . 
sib  
h a y  
w o o . . G . . . . 
int  
cal  
g i b ( h )  
g i b ( l )  
lae  
P c h a n . . G . . . . 
55 
Table 4.1 Base composition of 16S rRNA gene sequences (excluding 
outgroup). Data are expressed as percentages. 
Species Nucleotide composition (%) 
A C G T A+T 
Heterocarpus ensifer 30.6 11.6 22.7 35.1 65.7 
H. parvispina 30.6 12.0 22.7 34.7 65.3 
H. amacula 30.8 12.0 22.7 34.5 65.3 
H. sibogae 31.0 11.9 22.4 34.7 65.7 
H. hayashii 30.6 12.0 22.7 34.7 65.3 
H. woodmasoni 33.5 10.4 20.4 35.7 69.2 
N. intermedius 33.1 10.6 21.4 34.9 68.0 
H. calmani 32.6 10.4 21.2 35.8 68.4 
H. gibbosus (high crest) 31.2 11.2 21.8 35.8 67.0 
H. gibbosus (low crest) 31.0 11.2 22.0 35.8 66.8 
H. laevigatus 30.8 13.7 21.8 33.7 64.5 
Mean 31.5 11.5 22.0 35.0 66.5 
56 
reports on AT rich 16S rDNA sequences of many crustaceans (Tarn et al., 1996; 
Tarn and Kornfield, 1998). 
The results of Modeltest 3.0 suggested that the most appropriate model of 
DNA substitution is the Hasegawa-Kishino-Yano model with a gamma 
distribution (HKY+G) (Hasegawa et al, 1985). Results of the tests and the final 
parameters estimated from the data are listed in Table 4.2. The uncorrected genetic 
divergences ("p" distances) and genetic distances using HKY+G method are 
shown in Table 4.3. The genetic divergences ("p") range from 0.0000 to 0.1264 
among all studied Heterocarpus (excluding the outgroup). The genetic 
divergences ("p") between the outgroup taxon Pandalus chani and other taxa 
range from 0.1751 to 0.2021. 
Figure 4.3 shows the transition and transversion ratios plotted against genetic 
distances (based on HKY+G model) among the ten Heterocarpus species 
(excluding outgroup). The transition/transversion (ti/tv) ratios vary from 1 to 4.8. 
Taxa with lower genetic distances tend to have higher ti/tv ratios. Of the 16S 
rRNA sequences determined the pattern of nucleotide substitution favors 
transitions over transversions with a mean ratio of ti/tv of 2.23. 
57 
Table 4.2 Parameters of final DNA substitution models. 
Parameter 16S rRNA ^  
Model HKY+G GTR+I+G 
Base frequencies: 
A 0.3198 0.3107 
C 0.1144 0.2192 
G 0.2106 0.1443 
T 0.3553 0.3258 
Substitution rates: 
A ^ C 1.0000 -
A ^ G 9.1415 -
A<"Vr 1.0000 • 
C ^ G 1.0000 -
C ^ T 8.8026 -
G-e^T 1.0000 -
Proportion of invariant sites 0.5530 2 
Model abbreviations: 
HKY: Hasegawa-Kishino-Yano model 
GTR: General time-reversible model 
I： Invariant sites 


















































































































































































































































































































































































































































































































































































































































































































































































4.3 Genetic variability in Heterocarpus based on COI gene 
4.3.1 Genetic variability in Heterocarpus based on DNA sequence of COI 
gene 
1259 bp of COI sequences were determined from the ten Heterocarpus 
species (Figure 4.4). Of the COI sequences determined, 436 variable sites with 
344 parsimony-informative characters are evenly distributed over the length of the 
sequences. The variable sites in COI sequences are more evenly distributed along 
the sequence when compared with 16S rRNA gene, and the variable sites are 
mainly found in the third base position of each codon of COI gene. The base 
compositions of COI gene sequences (excluding outgroup) are shown in Table 4.4. 
The base composition of COIas a whole is also AT rich (mean values 28.1%A, 
21.30/oC, 18.30/oQ 32.3%T and A+T= 60.4%). The bias is highest at third positions, 
with mean values of 41.1%A, 20.8%C, 6.3%G and 31.8%T, (A+T=72.8%). The 
pattern of nucleotide substitutions of COI gene favors transitions over 
transversions for all bases with an average ti/tv ratio of 2.1 (Figure 4.5). The ti/tv 
ratios of all bases and only bases at third positions show the same results. 
The results of Modeltest 3.0 suggested the most appropriate model of DNA 
61 
Figure 4.4 Aligned sequences of mitochondrial cytochrom oxidase I (COI) gene of 
Heterocarpus. Dots indicate nucleotides identity to H. ensifer (top row) and 
question marks indicate missing data. Abbreviations for the species are shown in 
Table 3.1. 
I 60 
ens GCT TGA GCT GGT ATA GTC GGG ACC TCA TTA AGT CTA CTA ATT CGA GCT GAA TTA GGC CAA 
par C G T 
ama C G  
sib C G  
hay C G A  
woo . .A C T T . .T C.C . .A T. . T T . .A . . . C.T ..T . . . 
int ,.C C T T . .T C.T . .A T. . T. . . .C ..T . .A … C . C . .T . . . 
cal ::A ！ ！G ::C T T ..T C.T . .A C . .A . . . C.T . .T . . . 
gib(h) . .A A A ..T ..T AT.. T T ..A . . . C.. ..T . . . 
gib(l) . .A A A ..T ..T A T.. T T ..A . . . C. . ..A … 
lae . .A T ..C A T C ..G . .C … C . . . .T 
61 120 
ens CCT GGA AGA CTT ATT GGA AAT GAC CAG ATT TAT AAT GTT ATT GTC ACA GCT CAC GCT TTT 
par C  
ama . . A C  
sib C  
hay C  
woo . .A T T.A T ..C A ..C . .C A A ..T ..A . .T  
int ..A T.A C ..C A . .C C . .G T . .T . .A  
cal . .A T.A C A . .C A A ..T ..G  
gib(h) ..A G T.A T T ..A A A . .T . .G • .T  
gib(l) ..A G T.A T T ..A A A ..T . .G ..T  
lae , .A T.A T A ..C , .C . .C , .A A . .C . .C ..T C 
121 180 




sib A  
hay A  
woo C T A T ..T C 
int T ..C T G G T . .T . .A C 
cal C T A T . .T ..A C 
gib(h) ..C ..C C C T ..A C 
gib(l) C C C G ..T . .AT. . . .C 
lae . .T T G G G . .C . .C . .T C 
181 240 
ens CCC TTA ATA CTA GGG GCC CCA GAC ATA GCA TTT CCC CGT ATA AAT AAC ATA AGA TTC TGA 
par A  
ama ^  
sib A  
hay G A  
woo ..A T ..T ..G ..C A C G 
int G A T . .T ..G . .T . .C • .T . .A C  
cal ..T C A T ..T ..G ..C T • .A C G 
gib(h) . . . C A T G ..C A ..G T  
gib(l) T T ..T C G ..G T T ..G 
lae T T . .T . .G . .C . .C . .A . .A G 
241 300 
ens CTT CTC CCA CCC TCT CTA ACC CTA CTA CTC TCA AGA GGA ATA GTG GAA AGG GGG GTA GGG 
par A G . . . 
ama  
sib A G . . . 
hay  
woo . .A ..G . .C T. . . .T A.T T. . T.G A . .G .AT . .A ..C . .C 
int T.G T ..T G ..T A.T T.G T.A A . . . .AT ..A C 
cal G T T. . . .T A.C T. . ..A A ….AT G ..T 
gib(h) ..A ..T ..T T.. T.A . .T G ..A  
gib(l) ..G . .A . .T T ..C T. . T.A . .T G T A  
lae T.G T.A . .T . .G . .A T. . ..T . .C . . . T.G ..G G . .A A . .A . .C ..T 
62 
301 360 
ens ACT GGA TGG ACA GTC TAC CCT CCC TTA TCA GCT GGT ATT GCC CAT GCA GGA GCT TCA GTT 
par T C  
ama C . . T  
sib C . .T  
hay C . .T  
woo . ,A A ..C . .T AC.GG.GT.. . .A T T ..A 
int . .A A ..C . .T A . .A . . . G.G T.C ..A T G T ..A 
cal . .A A . .C ..T . .T A . . . G A T T . .A 
gib{h) . .G ..T ..A . .C . .T G A C G T . . . 
gib(l) . .C • .T . .A . .C G A C G T . . . 
lae . .A A . .T . .T C T . .C ..C T ..C C ..T ..A 
361 420 
ens GAC CTT GGT ATT TTT TCT CTT CAT TTA GCT GGA GTT TCC TCA ATC CTG GGA GCC GTT AAT 
par C A  
ama C A  
sib C G A  
hay C G A  
woo . . . T.A ..A ..C G T.A A . .G . .A T ..A A C 
int . . . T.A . .A . .C A . .G A C .,T ..T ..T . .A A C 
cal …T.A . .A . .C A . .A G T . .A A C 
gib(h) A C . . . T.A A C ..T . .T . .T T A . .C 
gib(l) A C …T.A A C ..T ..T ..T T.A T ..A . .C 
lae T.A T T T A C 
421 480 
ens TTT ATA ACT ACA GTT ATC AAT ATA CGA AGA AGA GGT ATG ACA TTA GAC CGA ATA CCC TTA 
par ^ • • • 
ama A ..G C T . . . 
sib T A T . . . 
hay A . .G C T . . . 
woo . .C C T A . .A . .G A. . ..T ..T C.. 
int T A ..A . . . A.. ..T . .T . .G . .T C.. 
cal T A . .A . . . A C T . . . 
gib(h) C A G .A. ..A . .A . . . A T C.T 
gib(l) C A A. . .A . .A . . . A T C.T 
lae . .C A C A . .A … A T C.C 
481 540 
ens TTT GTT TGG TCA GTT TTC TTA ACA GCT ATT CTA CTA CTT CTT TCT CTA CCT GTA TTA GCC 
par C . .A C G  
ama C C C  
sib C C C  
hay C C C  
woo ..C A G.T . .A . .T C. . . .T . .C T A T. . . .A . .T  
int A G.T . .A ..T T . .C C T A T. . . .A . .C T 
cal A G.T . .A . .T T . .C C T. . . .C A T. . . .G . .T  
gib(h) ..C A A T ..A . . . T.G . .T . .A ..C … T T C. . ..A 
gibd) ..C A . . . T.A T ..A ..C T. . ..T ..A T T C. . ..A 
lae . .c . .A . .A G T . .C T.G ..A ..C … T . . ..A . .C C.T . .T 
541 600 
ens GGA GCA ATT ACT ATA CTA TTA ACT GAC CGA AAT ATT AAC ACT TCA TTT TTT GAT CCG GCA 
par ^  
ama ^  
sib G  
hay G  
woo T A T ..C ..T ..C c ..T ..T 
int C T A T . .C . .T • .C A . .C 
cal … T A T ..C ..T . .C C • .T . .T 
gib(h) : : : ::C : : : C ..C C ..C ..A ..T 
g ibd) ..T ..C A T ..C ..C C A . .T 
lae A ..G . . . C.G T C C C T 
63 
601 660 
ens GGA GGA GGA GAT CCC GGC AGG AGG AGG AGA TCC CAT CCT TTA CCA ACA TTT ATT TTG ATT 
par C . .G .CA G.A G.A G.A GAC C. . ATC .?? ??? ??? ??? ??? ??? ??? ??? 
ama ？ ？?? ？?? ？?? ？?? ？?? ？AT C. . ATC . TC .AC .A. CAT . .A T.C .GA T.. 
sib G G C. . T G. . C  
hay C ？?? ？?? ？?? ？?? 
woo ..G .T ,T .c ..? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? 
int ..G ..C ..T . .C ..A .C. G.. G.C G.T GAC C.A ATC TTA .AC .A. CAT C.A T.C .GA T.. 
cal T . .C T. . T T. . C A. . .T. A. . .?? ？?? ？?? ？?? ？?? CAA 
gib(h) G . .C ..A .CT G.A G.A G.. GAC C.? ??? ??? ??? ??? ??? ??? ??? ??? ??? 
gib(l) G . .C ... A.. T G. . C T.. C C  
lae ..G c . . ？ ？？? ？？? 7?? ？？? ？？？ ？？? ？？? ？？? ？？? ？？? ？？? ？？? ？？? o?? 
6 6 1 7 2 0 
ens TTT TGG TAG CCA GAA GTC TAC ATT TTA ATT TTA CCC GCC TTT GGA ATA ATC TCT CAT ATT 
par ??? ??? C T  
ama … G . T C. . . .G ..G ..T T . .T ..C ..T . .G C . .C 
sib  
hay ??? ??? C G  
woo ？?? ？？? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？？? ？?? ？?? ？?? ？?? ？?? ？？? ？?? ？?? 
int G.T ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? 
cal CA. CTA C A . .T C C.G ..T C T C  
gib (h) ？?? ？?? C ？. ？ C. . . .T ..T G T. . ..T . .A  
gib(l) T C. . . .T . .T T . .G  
lae ??? ？?? C T T C C 
721 780 
ens ATT AAC CAA GAA TCA GGG AAA AAA GAA GCC TTC GGG ACC TTG GGA ATA GTT TAC GCT ATA 
par G . .G A  
ama . .C G • .C G T A ... C.A G . .A  
sib G A . .G  
hay G T A • .G . .G  
woo ？?? ？?? ？？? ？?? ？?? ？?? ？？? ？？? ？?? ？？? ？?? ？？? ？?? ？?? ？?? ？?? ？?? ？?? ？?? ？?? 
int ？?? ？？? ？?? ？?? ？？? ？?? ？?? T . .A . .A . .A . .C T  
cal . .C C . .T T . .A A . .T T  
gib{h) C C.C T ..C ..T ..A T ？ 
gib � T G . .C . .C G T ..C A T . .C 
lae C . .T A ... C.A . .G A . .T  
7 8 1 8 4 0 
ens ATA GCA ATT GGA GTT TTA GGA TTT GTT GTA TGA GCC CAC CAT ATA TTT ACA GTA GGT ATA 
par C T  
ama C T C 
sib C C  
hay G C  
woo ??? ？ T C A A 
int T A G ... 
cal T G A C C A 
gib(h) :.. ..T A.C C T ..T ..C  
gib(l) T A G T  
lae C C G A C C . .G 
841 900 
ens GAC GTA GAC ACA CGA GCA TAC TTT ACA TCT GCT ACT ATA ATT ATT GCC GTT CCT ACA GGC 
par T C C . .G ... 
ama T G C ..A T . .G ..A . .G . .T 
Sib C ..C  
hay C ..C  
woo T T C ..C ..A A T 
int C ..T . .C ..T . .C ..C ..A . .C A. . . .C . .C 
cal T C C A . .C . .C A. . ..C • .T . .T 
gib(h) ！!T ::: ::T T A T ？ ..C ..T 
g i b d ) ..T T T A C G A ..C ... 
lae . .T C C C C 
64 
901 960 
e n s ATT AAA GTA TTT AGA TGA CTT GGA ACA CTC CAT GGA ACC CAA TTT ACA TAT AGA CCT TCT 
p a r  
ama T T C . ,G . .C 
s i b c  
hay C c  
woo C , .T C c . ,C G . . A 
i n t C . . T C C . .C C . .C 
c a l T . .C . .A T T A . ,C 
g i b ( h ) C . .A . .C T T G  
g i b ( l ) G G . .T . .T G . . A . .G T . ,C . .G . .A 
l a e C A . .G . .C . .T . .C . .G . .T C . .T . .C . .C . .G . .A 
961 1020 
e n s CTA TTA TGG GCA CTA GGG TTC GTG TTC CTA TTT ACA GTA GGG GGC TTA ACA GGA GTG GTA 
p a r A A . .T . . A . .T T A C . .C 
ama T C T . . A . . . T.G T A . .T A . . G 
s i b A A . .T . .A A C . .C 
hay A A . .T . .A A C , .C 
woo . . . C.G . . A . .C . . T . .A A … T A . . A C.C A 
i n t . .C A . .C . .T . .A A … T A . .A C.C A 
c a l . .C A . . C . .T A … T A . .A C.T A . .G 
g i b ( h ) … C . . . .A C . .T . .T . .T . . ? T C A . .A A . .T 
g i b ( l ) G C . .T . .A . .T . .T . .T T T A . .A C A . . T 
l a e . . . C.T . . A . .C T . .T . .T … T T T . .A C C 
1021 1080 
e n s CTA GCA AAC TCT TCG ATT GAC ATT ATC CTC CAT GAC ACT TAT TAT GTA GTA GCC CAT TTC 
p a r . .G A  
ama T A . .C . .T . . C A . .C C . .C G C 
s i b . .G T  
hay . .G T  
woo T T A T T T , .C . .C T 
i n t T A T T . .C . .C . .C T 
c a l T T A T C . . C T 
g i b ( h ) T A G. . . . T T T.A T . . A T . . A  
g i b ( l ) T C . .A C. . . .T T T.A . . C A . .C C . .A  
l a e G A C . . . T.A . .C A G . .C . . T 
1081 1140 
e n s CAT TAT GTC CTC TCT ATA GGA GCA GTA TTT GGA ATT TTC GCC GGT ATC GCT CAT TGA TTC 
p a r . . C  
ama . . C T . . A . .G G . .T . .G T . . T . .A C . .C  
s i b . . C  
hay . .C G  
woo . . C . . C A . .A T . . T T . . A . .A . .T C . . G 
i n t . .C . . C . . T T.A . .A C . .T T . . A . .A . . T  
c a l . . C . . C . . . T.A . . A T . . T T . .A . .A . .T . .C . . C T 
g i b ( h ) G T.G T C . . C . . C . .T G . .T C T 
g i b (1) . . C . . C . .A G . . G . .C C . . C . . C . . T . .T . .A . .T . . C T 
l a e . . C A . .A . .A . .G . . G . . C T T C  
1141 1200 
e n s CCC CTT TTC ACA GGG TTA TCA CTA AAA CCA AGA TGA ATA AAG ATA CAC TTT ATA ACC ATA 
p a r C . .G G A A . . G 
ama . .T T T C.T . .G T G . .A G 
s i b C A A . .G 
hay C A A . .G 
woo A . .T A . . . A G C A . .G T . . T 
i n t . .A . .A A. . T C A T . .T 
c a l . .T T.A A . . . A C A T . .T 
g i b (h) . . T C C.T A. . T G . . A T . TT 
g i b (1) . . T T C C.T A . . T. . . .G . . T A C . .T . . T 
l a e A G . .C . .G T . .G A T T . . T 
65 
1201 1259 
ens TTC CTT GGA GTA AAC ATT ACA TTC TTC CCT CAA CAC TTT TTA GGC CTA AAC GGC ATA CC 
par  
ama . .T A.C C G C C T. . ..T . .G . .G 
sib  
hay  
woo ... A.A T T C C . . . .T T ..A  
int ... A.A T T C C C. . ..T T. . . .T . .A  
cal ... A. A T T C C. . . .T T . ,A  
gib(h) . .T G.A T T C C T . .T . :A ::::: 
gib(l) ..T G.A . .G ..T ..T T C C T . .T ..A  



































































































































































































































































































































































































































































































































































































































































































































substitution was the time-reversible model with a proportion of invariant sites and 
with a gamma distribution (GTR+I+G). Results of the tests and the final 
parameters estimated from the data are listed in Table 4.2. The uncorrected genetic 
divergences ("p" distances) and genetic distances using GTR+I+G method of COI 
gene are shown in Table 4.5. The genetic divergences range from 0.0153 to 0.2045 
among all studied Heterocarpus. 
4.3.2 Genetic variability in Heterocarpus based on amino acid sequence of 
COI 
After deleting the missing nucleotides of COI gene, all the DNA were 
translated into amino acid based on the genetic code of invertebrate mitochondrial 
DNA (Figure. 4.6). There are 13 parsimonious informative sites among 16 
variable sites out of a total of 358 amino acids translated. The sequences of H. 
ensifer, H. sibogae and H. hayashii are identical, as well as between H. 
woodmasoni and H. intermedius (Table 4.6). Apart from these identical sequences, 















































































































































































































































































































































































































































































































































































Figure 4.6 Aligned amino acid sequences of mitochondrial cytochrom oxidase I (COI) of 
Heterocarpus. Dots indicate amino acid identify to H. ensifer (top row). Abbreviations for the 
species are shown in Table 3.1. 
1 80 

















woo I N A S M … … 
int I N A S M … … 
cal I N A M … … 
gib(h) A I . .… K . . . M …… 
gib(l) A I . • … K . J . . … 
lae M … … 
7】 
161 240 
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woo T I... M  
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4.4 Phylogenetic analysis 
4.4.1 Phylogenetic analysis based on 16S rDNA sequence 
Phylogenetic trees of 16S rRNA gene constructed using neighbour-joining 
(NJ), maximum parsimony (MP) and maximum likelihood (ML) methods are 
shown in Figure 4.7，Figure 4.8 and Figure 4.9, respectively. 
Based on the trees constructed with 16S rRNA gene, two clades are 
recognized: (1) H. sibogae and H. ensifer, H. hayashii and H. parvispina, and (2) 
H. woodmasoni, H. intermedins, H. calmani, H, gibbosus (both high crest and low 
crest forms) and H. laevigatus. 
H. hayashii, H. parvispina, H. sibogae, and H. ensifer form a single clade 
with 96% bootstrap (BP) support in MP tree, 53% BP support in ML tree and 32% 
BP (branches with BP less than 50% were not shown) in NJ tree of 16S rRNA 
gene. H. hayashii and H. parvispina form one cluster (71% BP) with affinity to K 
sibogae and K ensifer in MP tree but the phylogenetic relationship between these 


































































































































































































































































































































































































































































































































































































































































































































































































































































cluster containing H. hayashii, K parvispina, H. sibogae, and H. ensifer in MP 
tree with 57% BP support while it shows no affinity to any of the two clades in NJ 
and ML trees. 
The following three groups: (1) H. woodmasoni, H. intermedius and H. 
calmani, (2) H. gibbosus (high crest and low crest) and (3) H. laevigatus form one 
clade with 64% BP in NJ, 67% BP in MP and 50% BP in ML trees of 16S rRNA 
gene. Groups 1 and 2 are more closely related to each other than to H. laevigatus 
in ML tree but the relationship among these three groups is not resolved in NJ and 
MP analyses. 
H. woodmasoni, H. intermedius and H. calmani form one clade with more 
than 90% BP support in three trees. H. woodmasoni and H. calmani are more 
closely related to each other than to H. intermedius with 82% BP support in MP 
tree but the phylogenetic relationship among these three species is not resolved in 
NJ and ML analyses. 
High crest and low crest forms of H. gibbosus form one clade with 81% BP 
support in NJ, 100% BP support in MP, and 89% BP support in ML trees. 
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4.4.2 Phylogenetic analysis based on DNA sequence of COI gene 
Phylogenetic trees of COI gene constructed using neighbour-joining (NJ), 
maximum parsimony (MP) and maximum likelihood (ML) methods are shown in 
Figure 4.10，Figure 4.11 and Figure 4.12 respectively. 
All these three trees (NJ, MP and ML) have a similar topology, showing the 
following three clusters. 
(1) All three trees (NJ, MP and ML) with 100% bootstrap support the 
clustering of H. woodmasoni, H. intermedius and H. calmani into one clade. H. 
woodmasoni and H. intermedius are more closely related with 96% BP support in 
NJ, 83% BP support in MP and 77% BP support in ML trees. 
(2) All three trees with 100% BP support the grouping of the high crest and 
low crest forms of H. gibbosus. H. laevigatus shows affinity to the cluster of H, 
gibbosus in MP (79% BP) tree while it shows no particular affinity to any other 














































































































































































































































































































































































































































































































































































































































































































































































































































































(3) H, hayashii, H. sibogae, H. ensifer, H, parvispina and H. amacula always 
form one clade with 100% BP support in all trees. 90% BP of MP tree supports 
the clustering of / / , hayashii and H. sibogae with H. ensifer as a sister taxon (91% 
BP). H. hayashii, H. sibogae and H. ensifer form one clade in NJ (99% BP) and 
ML (72% BP) trees of COI gene sequences, but the phyiogenetic relationship 
among them remains unresolved. All these three trees (97% BP of NJ, 96% BP of 
MP and 79% BP of ML) support the affinity of H. parvispina with the clade 
containing H. hayashii, H. sibogae and H. ensifer. H, amacula is the most distant 
taxon in this clade. 
A test of partition homogeneity (the incongruence-length difference test) 
performed in PAUP* between the 16S rRNA and COI genes proved to be 
significant (P=0.02) (Farris et al. 1995). Therefore, 16S rRNA and COI genes 
were not combined for further analysis. 
4.4.3 Phyiogenetic analysis based on amino acid sequences of COI 





































































































































































































































































parsimony tree is shown in Figure 4.14. Both trees have high bootstrap values 
supporting the following three clades: (1) H. woodmasoni, H. intermedius and H. 
calmani, (2) high crest and low crest forms ofH. gibbosus, and (3) H. hayashii’ H. 
sibogae, H. ensifer, H. parvispina and H. amacula. H. laevigatus shows affinity to 
clade (3) in neighbour-joining analysis based on amino acid sequence while it 
shows no affinity to any of the above clades in parsimony analysis. The maximum 
parsimony tree based on amino acid sequences shows that H. gibbosus and H. 
woodmasoni complexes are more closely related to each other. 
4.5 Kishino-Hasegawa and Shimodaira-Hasegawa tests for monophyly 
of Heterocarpus complexes 
A priori and a posteriori alternative phylogenetic hypotheses were 
statistically tested using the Kishino-Hasegawa (KH) test (Kishino and Hasegawa, 
1989) and corrected non-parametric Shimodaira-Hasegawa (SH) test (Shimodaira 
and Hasegawa, 1999) with PAUP"^ respectively. The purpose of these analyses 
are to test whether the groupings sliown in Table 4.7 are monophyletic or not. All 
five groups were found to be monophyletic from the results of SH and KH tests 
(P<0.05), based on maximum psrsimony methods for 16S rRNA and COI 


















































































































































































































































































































































































































































































































































































































































































































H. ensifer and H. parvispina) are not monophyletic from the results (P>0.005), 
based on maximum likelihood methods of KH and SH tests of 16S rRNA and COI 
genes. Results of SH and KH tests based on maximum likelihood method show 




5.1 Examination on the validity of the groupings of four Heterocarpus 
complexes based on analyses of 16S rRNA and COI genes 
The validity of the existing groupings of nine Heterocarpus species within 
the four complexes has been examined based on the analyses of 16S rRNA and 
COI genes. 
Phylogenetic trees constructed with both 16S rRNA and COI genes have 
high bootstrap values (BP) supporting that high crest and low crest forms of H. 
gibbosus are monophyletic. Their monophyly is also shown in the results of 
Kishono-Hasegawa and Shimodaira-Hasegawa tests (Table 4.6). 
H, woodmasoni, H. intermedius and H. calmani (species of H. woodmasoni 
complex) always formed one cluster with well supported bootstrap values in 
phylogenetic trees constructed with both 16S rRNA and COI genes. Their 
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monophyiy is also supported by results from KH and SH tests. 
The groupings of H. ensifer, H. parvispina and H. amacula into H. ensifer 
complex and H. sibogae and H. hayashii into H. sibogae complex are not 
supported by the analyses of 16S rRNA and COI genes. All trees show that H. 
ensifer, H. parvispina and H. amacula are paraphyletic. Monophyiy of H. ensifer, 
H. parvispina’ H. amacula, H. sibogae and H. hayashii is shown in trees 
constructed with COI gene and MP of 16S rRNA gene and results from KH and 
SH tests. 
Based on molecular analyses, the existing groupings of taxa into each of H. 
gibbosus and H. woodmasoni complexes are valid, but the groupings of taxa into 
each of H. ensifer and H, sibogae complexes are not valid. 
5.2 Phylogenetic relationship of Heterocarpus species within species 
complexes 
The phylogenetic relationship of Heterocarpus species within each species 
complex is further elaborated below by integrating the data from 16S rRNA, 
91 
COI, and 28S rRNA genes and morphometric analyses (Yang, 2001). 
5.2.1 Phylogenetic relationship of Heterocarpus species within H. gibbosus 
complex 
All trees show that high crest and low crest forms of H. gibbosus form one 
cluster with very high BP support. Their monophyly is also supported by the 
results of SH and KH tests (Table 4.6). Based on the molecular analyses, there is 
no doubt that high crest and low crest forms of H. gibbosus constitute a 
monophyletic group. 
Most H. gibbosus found in Taiwan and Japan are the low crest form, with a 
small number of specimens belonging to the high crest form. In contrast, all H. 
gibbosus from northeastern part of Australia and South Pacific are the high crest 
form. 
The uncorrected genetic divergences of COI gene among Heterocarpus range 
from 0.0153 to 0.2045. The genetic divergence between high crest and low crest 
forms of K gibbosus is 0.0876 (Table 4.5), which exceeds the lowest limit of 
9 2 
genetic divergence among Heterocarpus species (0.0153, current study), 
Metapenaeopsis species (0.0610，Tong et al, 2000) and Penaeus species (0.0800, 
Baldwin et al., 1998)，indicating that the genetic divergence between high crest 
and low crest forms of H. gibbosus is greater than that of the taxa at the species 
level. When compared to the genetic divergence of penaeid shrimps mentioned 
above, the genetic divergence of COI gene of two different crest forms of H. 
gibbosus appears to be large enough to distinguish them into two species, or at 
least subspecies. 
However, the aforementioned conclusion is not supported by the analyses of 
16S rRNA and 28S rRNA genes. Uncorrected genetic divergence of 16S rRNA 
gene of high crest and low crest forms of H. gibbosus is 0.0021 (Table 4.3). 
Apart from the lack of genetic divergence between H. parvispina and H. 
hayashii, genetic divergence between high crest and low crest forms of H. 
gibbosus is the lowest among all Heterocarpus species in the present study. 
Schubart et al. (2001) employed 16S rRNA gene to study the phylogenetic 
relationship of Brachynotus species (Brachyura: Varunidae). The 16S rDNA 
sequences of B, gemmellari and B. sexdentatus are identical. The main 
morphological difference between these two species is the setation of 
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appendages in larval stage. Such evidence suggests that B. gemmellari and B. 
sexdentatus had a recent separation. The situation between high crest and low 
crest forms of H. gibbosus may be similar to that of Brachynotus species 
(Schubart et al., 2001), indicating that high crest and low crest forms of H. 
gibbosus might have separated recently. 
Based on the analysis of 28S rRNA (Yang, 2001), the genetic divergence 
between high crest form of H. gibbosus collected in Taiwan and Fiji is 0.0026. 
However, genetic divergence between high crest form of H. gibbosus collected 
from both Taiwan and Fiji and low crest form of H. gibbosus collected in Taiwan 
is 0.0013-0.0026，which is the lowest limit among all taxa in her study. Based on 
the analyses of 16S rRNA and 28S rRNA genes, the high crest and low crest 
forms of H. gibbosus were effectively indistinguishable. 
5.2.2 Phylogenetic relationship of Heterocarpus species within H. 
woodmasoni complex 
There is no doubt that H. woodmasoni, H. calmani and H. intermedius {H. 
woodmasoni complex) are monophyletic based on molecular analyses. H. 
9 4 
woodmasoni and H, intermedius are shown to be more closely related based on 
the analysis of COI gene, but MP tree of 16S rRNA gene shows that H. 
woodmasoni and H. calmani are more closely related to each other. All trees 
constructed with COI sequences and MP tree of 16S rRNA are in conflict with the 
results of Yang's morphometric analysis (2001). Morphometric results of Yang's 
study show that H. calmani and H. intermedius are more closely related because 
they both have two pairs of dorsolateral spines in the telson while H. woodmasoni 
have four pairs of telson dorsolateral spines. The number of telson dorsolateral 
spines is shown to be a phylogenetically uninformative character with respect to 
grouping H. calmani and H. intermedius into one clade based on analysis of COI 
gene. The phyiogenetic relationship among these three species is not well resolved 
in trees based on 16S rRNA (NJ and ML trees) and 28S rRNA genes (Yang, 2002), 
(Figure 1.1). 
Results of phyiogenetic analyses among these three species are not consistent 
using molecular and morphometric analyses. Further study with other molecular 
markers is needed in order to draw any conclusion on the phyiogenetic 
relationship of species within H. woodmasoni complex. 
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5.2.3 Phylogenetic relationship of Heterocarpus species within H. ensifer and 
H. sibogae complexes 
There are strong dorsomedian carinae found on the first and second 
abdominal somites of H. sibogae and H. hayashii while they are absent from the 
abdominal somites of H. amacula, H. ensifer and H. parvispina. Based on the 
above morphological difference, the above five species were grouped into two 
complexes, i.e. H. sibogae and H. hayashii into H. sibogae complex and H. 
amacula, H. ensifer and H. parvispina are grouped into H. ensifer complex (Chan 
and Yu, 1987). Monophyly of species within each of H. sibogae and H. ensifer 
complexes is not supported by analyses of 16S rRNA, COI genes (NJ and ML) 
and 28S rRNA apart from the MP analysis of COI gene supporting that H. sibogae 
and H. hayashii are monophyletic. Based on all trees of COI, MP tree of 16S 
rRNA, KH and SH tests, H. sibogae, H. hayashii, H. amacula, H. ensifer and H. 
parvispina are shown to be monophyletic. Trees constructed with the nucleotide 
sequences of COI gene show that H. sibogae, H. hayashii and H. ensifer form a 
single clade with affinity to H. parvispina, and H. amacula is the most distant 
sister taxon. NJ tree constructed with amino acid sequences of COI shows that H. 
sibogae’ H. hayashii, H. ensifer and H. parvispina form a single clade with 
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affinity to H. amacula while the relationship among these five species remains 
unresolved in MP trees constructed with amino acid sequences of COI. H. 
amacula shows no affinity to any species in NJ and ML trees of 16S rRNA. The 
relationship among H. sibogae, K hayashii, H, ensifer and H. parvispina is not 
well resolved by analyses of 16S rRNA and 28S rRNA genes. 
Monophyly of H. hayashii, H, sibogae, H. ensifer, H. parvispina and H. 
amacula is well supported by inorphometric analyses (Yang, 2001). They all have 
two dorsal spines on the third and fourth abdominal somites and have intermediate 
carina on carapace. This is the reason why H. parvispina was previously 
recognized as the subspecies of H. ensifer, and H. sibogae and H. hayashii were 
previously identified as H. ensifer and H. sibogae, respectively (Chan and Yu, 
1987). 
Based on the molecular results, the presence of two dorsal spines and 
intermediate carina on carapace of these taxa are phylogenetically informative 
characters. However, the presence of dorsomedian carinae on abdominal somites 
is not a phylogenetically informative character to sufficiently distinguish these 
taxa into two species complexes. The presence or absence of dorsomedian carinae 
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on abdominal somites may be an ancestral character in some descendant species 
but not all, so that classification of these taxa based on this character results in a 
paraphyletic group. From the molecular and morphometric analyses (Yang, 2001)， 
H. hayashii, H. sibogae, H. ensifer, H. parvispina and H. amacula should be 
grouped into one species complex rather than two. 
All of the molecular results support the number of dorsal spines on 
abdominal somites as a phylogenetically informative character for distinguishing 
the nine Heterocarpus species into four different complexes. 
5.3 Phylogenetic relationship among Heterocarpus complexes 
All trees constructed with 16S rRNA gene and MP tree constructed with 
amino acid sequences of COI show that the H. gibbosus complex and H. 
woodmasoni complex are more closely related to each other. This close 
phylogenetic relationship between H. gibbosus and H. woodmasoni complexes is 
also supported by Yang's (2001) morphological analysis. Taxa within H. gibbosus 
and H. woodmasoni complexes are similar to each other in morphologies as 
follows: 
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1) no intermediate carina on carapace; 
2) lateral spine on second scaphocerite not exceeding the distal margin of antennal 
scale; 
3) more articles in carpus of second pereiopods when compared to other taxa in 
this study; and 
4) no posteromesial tooth on the fourth abdominal somite. 
Based on the above analyses, H. gibbosus and H. woodmasoni complexes are 
believed to be more closely related to each other than to other Heterocarpus 
complexes. However the close phylogenetic relationship among H. gibbosus and 
H. woodmasoni complexes is not supported by NJ analysis based on amino acid 
sequences of COI and all analyses by nucleotide sequences of COI or 28S rRNA 
genes. 
H. laevigatus and H, gibbosus are believed to be the most morphologically 
similar to each other when compared to other taxa in this study since they both 
lack a dorsal spine. The affinity of H. laevigatus to the H. gibbosus complex is 
supported by results obtained from the 28S rRNA gene and morphological 
analyses (Yang, 2001). However, results of 16S rRNA analysis show that H. 
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laevigatus groups with a cluster containing both the H. gibbosus and H. 
woodmasoni complexes instead of grouping with H. gibbosus complex alone. The 
affinity of H, laevigatus to the H. gibbosus complex is only shown in MP tree of 
COI gene, while it shows no affinity to any clusters in other trees based on 
analyses of nucleotide sequences of COI gene. The phylogenetic relationship 
between H. laevigatus and other Heterocarpus taxa studied is not well resolved in 
this study. 
5.4 Comparisons of phylogenetic resolving power of 16S rRNA, COI 
and 28S rRNA genes 
The uncorrected genetic divergences among Heterocarpus range from 
0.000-0.126 in 16S rRNA gene, 0.015-0.205 in COI gene and 0.001-0.042 in 28S 
rRNA gene (Yang, 2001). Obviously, 28S rRNA gene is the most conserved gene 
while COI is the most variable gene. There are 85 parsimony informative 
characters (17.5%) among 487 characters of 16S rRNA gene (Figure 4.2) while 
there are 344 parsimony informative sites (27.3%) of COI gene among 1259 
characters (Figure 4.4). In Yang's study (2001), partial sequence of Heterocarpus 
(excluding outgroup) in 28S rRNA gene range from 767-777 bp, but the number 
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of parsimony informative sites of this gene is not stated. 
In order to compare the resolving powers of these two genes, representative 
phylogenetic studies (Tong et al, 2000; Daniels et al 2002; Haye et al, 2002 
and Ptacek et al, 2001) among congeneric species of crustaceans are chosen. 
Each of the studies employed more than five species within each genus and used 
both 16S rRNA and COI genes as molecular markers (Table 5.1). The results 
show that sequence divergences among congeneric species (including the current 
study) range from 0.000 to 0.278 in 16S rRNA gene and 0.007 to 0.318 in COI 
gene. Except the study by Daniels et al. (2002), the genetic divergences of COI 
gene are generally higher than those of 16S RNA gene (Table 5.1). It is obvious 
that COI is a more variable gene than 16S rRNA, so that COI gene is more 
suitable to resolve the phylogenetic relationship among closely related taxa. 
On the other hand, 28S rRNA is a more conserved gene than COI and 16S 
rRNA, so that it was usually used to resolve phylogenetic relationship among 














































































































































































































































Braga et al (1999) employed 28S rRNA to study the phylogenetic 
relationship among three representative copepod orders (Calanoida, 
Harpacticoida and Poecilostomatoida), and among five calanoid superfamilies 
(Clausocalanoidea, Eucalanoidea, Centropagoidea, Megacalanoidea and 
Arietelloidea). Their results showed that Calanoida and Harpacticoida were more 
closely related to each other than to Poecilostomatoida. Their results also showed 
that Clausocalanoidea and Eucalanoidea were more closely related to each other 
when compared to other calanoid superfamilies studied. 
28S rRNA was also employed by Crandall et al (2000) to study the 
phylogenetic relationship among three superfamilies (Astacidae, Cambaridae and 
Parastacidae) of freshwater crayfish. Their results showed that Astacidae and 
Cambaridae formed one clade with 100% bootstrap support. The monophyly of 
Parastacidae was questioned because one genus {Cambaroides) within this 
superfamily is associated with Astacidae. 
Based on the above results, 28S rRNA is believed to be a more 
conserved gene when compared to 16S rRNA and COI genes, so that it is more 




The present study aims to elucidate the phylogenetic relationship of nine 
Heterocarpus species in the four species complexes using a molecular approach. 
The conclusions of this study are as follows: 
1) All trees based on COI and 16S rRNA genes have high bootstrap 
values supporting high crest and low crest forms of H. gibbosus as monophyletic. 
The molecular results indicate that high crest and low crest forms of H, gibbosus 
may have separated recently. 
2) Analyses of both genes show that H. woodmasoni, H. intermedius and 
H. calmani are monophyletic. H. woodmasoni and H. intermedius are more 
closely related to each other based on the results of COI gene analysis. However 
the relationship between these three species remains unresolved through analysis 
of 16S rRNA gene in this study. 
3) The groupings of H. sibogae and H. hayashii into the H. sibogae 
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complex, and of H. amacula, H. ensifer and H. parvispina into H. ensifer complex 
is not supported by analyses of 16S rRNA and COI genes. The results show that 
these five species are monophyletic so that they should be grouped into one 
complex instead of two. 
4) All trees constructed with 16S rRNA gene and MP tree constructed 
with amino acid sequences of COI show that H. gibbosus and H. woodmasoni 
complexes are more closely related to each other than to other complexes. 
However, the close phylogenetic relationship among these two complexes is not 
supported by NJ analysis based on amino acid sequences and all analyses based 
on nucleotide sequences of COI gene in this study. 
5) H, laevigatus is morphologically similar to H. gibbosus. Results from 
16S rRNA gene support that H. laevigatus is phylogenetically closely related to H. 
gibbosus and H. woodmasoni complexes, while it shows no affinity to any cluster 
by the analysis based on nucleotide sequences of COI gene. 
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